We have studied diffusion of Ge into subsurface layers of Si(100). Auger electron diffraction measurements show Ge in the fourth layer after submonolayer growth at temperatures as low as 500 ± C. Density functional theory predictions of equilibrium Ge subsurface distributions are consistent with the measurements. We identify a surprisingly low energy pathway resulting from low interstitial formation energy in the third and fourth layers. Doping significantly affects the formation energy, suggesting that n-type doping may lead to sharper Si͞Ge interfaces.
Interface abruptness in Si-Ge heterostructures has been the subject of intense research for many years [1] . Such heterostructures are of increasing interest for optoelectronic devices and quantum wells. Accurate modeling of these devices requires knowledge of the interface elemental profile. The lower surface energy and larger size of Ge relative to Si means that interdiffusion is thermodynamically favored when Si is deposited on Ge(100) [2] . In the reverse case, where Ge is deposited on Si(100), it has frequently been assumed that the interface is abrupt within 1-2 layers. Recently, evidence for Ge diffusion to the third [3] [4] [5] [6] and fourth layer [7] has been reported, although other work found no significant interdiffusion at similar temperatures [8] .
Diffusion of Ge in bulk Si has a large activation energy, on the order of 4-5 eV [9, 10] , and is negligible at the temperature of typical deposition experiments, about 500 ± C. This high activation energy has been taken as an indication that Ge diffusion below the second layer of the Si(100) surface would be kinetically hindered, even if thermodynamically favored. Yet, several experimental measurements have indicated the presence of subsurface Ge [3] [4] [5] [6] [7] . The experimental results presented here suggest an activation barrier smaller than 2.5 eV for diffusion down to the fourth layer [11] . It has been suggested that the mechanism for subsurface diffusion must involve surface defects to facilitate transport [12] .
In this Letter, we report experimental evidence for extensive interdiffusion during growth of Ge on Si(100), with Ge present throughout the top four layers after deposition of only 0.8 monolayer (ML) at 500 ± C. The results are not strongly dependent on step structure (widely spaced, single-height steps vs closely spaced, double-height steps). We present results of theoretical calculations explaining these measurements. Density Functional Theory (DFT) calculations of relative site energies were carried out and used to predict the thermodynamic distribution of Ge atoms. Extensive calculations of diffusion paths and activation energies revealed a mechanism which could lead to near-equilibrium Ge distribution down to fourth layer without the presence of surface defects. Dopants are predicted to significantly affect the rate of Ge diffusion.
MgK a -excited Auger and photoelectron diffraction (AED and PED) were used to determine the near-surface Ge distribution in Ge͞Si(100) films. High kinetic energy PED͞AED is a powerful tool for obtaining elementspecific structure of the near-surface region [13] . Emission from Ge atoms occupying different sites may be distinguished by different angles of forward scattering by overlying atoms. Figure 1 illustrates the dimerized Si(100) surface structure. The open structure and inhomogeneous stress distribution may affect Ge incorporation in subsurface sites. The tendency of the larger Ge atom to occupy tensile sites (labeled 3b, 4b) has been suggested as a mechanism for growth-induced ordering in Si 0.5 Ge 0.5 alloys [14] .
Si(100) wafers, both on axis and 4 ± toward ͓011͔, were cleaned with acetone and methanol, and outgassed overnight in ultrahigh vacuum (base pressure 2 3 10 210 torr) at 600 ± C (resistive heating). The oxide was removed by annealing at high temperature ͑ϳ1200 pattern was observed and no oxygen or carbon was detected by x-ray photoelectron spectroscopy. On-axis samples showed double domain 2 3 1 1 1 3 2 LEED patterns. Off-axis samples showed single-domain 2 3 1 LEED, with spots split due to ordered, double-height steps [15] . Germanium was deposited by molecular beam epitaxy at 0.8 Å͞min. Samples were annealed at 500 ± C for 20 min immediately following deposition. Weak 2 3 n ͑n 8 10͒ LEED spots, indicative of Ge dimer vacancy ordering [8] , were observed after Ge deposition on on-axis samples. No faceting or other evidence of Ge islanding was observed. To prevent oxidation during data acquisition, samples were exposed to atomic hydrogen after cooling to room temperature (10 26 torr H 2 for 5 min, with sample facing a hot filament).
AED, PED, and LEED data were obtained for a matrix of Ge thickness (0.8 and 1.6 ML), substrate growth temperature (500 and 700 ± C), and substrate step structure [widely separated, single-height steps (on axis) and closely spaced, double-height steps (4 ± miscut)] [16] . For PED͞AED, electrons were detected by a hemispherical analyzer with an acceptance cone of ϳ4 ± . The angle between incident photons and emitted electrons, both in the horizontal plane, was fixed at 55 ± ; the sample rotated around the vertical axis (u 0 for normal emission) and the sample normal (f 0 along ͓110͔). Spectra were taken at each of 638 points evenly distributed (3.5 ± spacing) on a 90
± partial hemisphere. Element-specific diffraction patterns for Si and Ge were obtained using intensities of Si 2p (PED) and Ge LMM (AED) emission, respectively. The presented data are normalized by the instrumental response; angles were aligned using the Si 2p emission.
In the absence of a kinetic pathway to subsurface sites, deposition of sub-ML Ge on Si(100) should result in Ge entirely in the top layer, with perhaps a small amount in layer 2 due to random burial or Si-Ge exchange. Such a distribution has been deduced from comparison of theoretical calculations with the coverage dependence of the 2 3 n reconstruction [8] . The predicted Ge photoelectron diffraction pattern for 0.8 ML deposition for such a distribution would be featureless except for a weak peak due to layer 2 Ge scattering from dimer atoms ͑u ϳ 60
Experimental results for on-axis wafers for 0.8 and 1.6 ML deposition at 500 and 700
The experimental results clearly show diffraction structure, indicating Ge buried to at least the fourth layer. Figure 2(d) shows the predicted AED pattern for our model described in detail below.
The bright spots in Fig. 2 indicate diffraction peaks. At these high kinetic energies (1140 eV), AED is dominated by forward scattering peaks surrounded by dark rings. The peak positions marked by circles in Fig. 2 are those predicted for Ge emission from the various sites indicated in Fig. 1 [labeled in Fig. 2(d) ]. The single-scattering AED calculations used coordinates we calculated by DFT for H-terminated Si(100). The weak but observable layer 2 emission is in contrast to the absence of layer 2 Ge predicted for Si-Ge alloys using the Tersoff potential [17] , but in agreement with our own ab initio calculations (see below). Ge occupation of layers 3 and 4 is clearly visible in the data, with larger occupation in the sites between dimer rows (3b, 4b) than beneath them (3a, 4a). For example, note the layer 4 peaks along f 0 ± and 90 ± , especially at 700 ± C. Significant layer 4 (or deeper) occupation is indicated by the strong peak, present in all data sets, in the ͓110͔ direction ͑u f 45 ± ͒. The ͓110͔ peak intensity increases by ϳ30% as the deposition temperature is increased from 500
, and by another ϳ50% from 0.8 to 1.6 ML at 700
Experiments on off-axis samples (single-domain terraces separated by double-height steps) show similar AED results to the on-axis data of Fig. 2 . The data are difficult to quantify due to uncertainties in the ratio of 2 3 1 to 1 3 2 domains after deposition. However, all peaks characteristic of Ge buried to the fourth layer are clearly present for off-axis wafers, in roughly the same ratios as for on-axis wafers. This indicates an incorporation mechanism based on terraces rather than steps.
The experimental measurements indicate significant subsurface occupation at both 500 and 700 ± C, regardless of step structure. The dimer vacancy spacing for the on-axis samples is about the same as the step spacing for the off-axis samples, suggesting that neither greatly influence the results. Our AED patterns are also similar to those of Yeom et al. [7] , who deposited Ge at room temperature and annealed to 500 ± C. They deduced a Ge distribution in the ratio 4:1:1:1 for the top four layers, but did not distinguish between a and b sites. The questions remain: (1) Why do Ge atoms get buried so deeply and (2) how are the kinetic barriers overcome? DFT calculations were carried out to answer these questions.
The DFT calculations were conducted with the VASP (Vienna ab initio simulation program) code [18] , using ultrasoft pseudopotentials [19] . A plane wave basis set with an energy cutoff of 188 eV for the expansion of the wave function and the PW91 [20] exchange-correlation functional were used. In some cases, we quote results of calculations using the local density approximation (LDA) for comparison. Ge site energy calculations used a 64 atom cell with a vacuum spacing (the distance in the z direction between the periodically repeated slabs) of 11 Å and a 2 3 2 3 2 k-point sampling mesh of the Monkhorst-Pack type [21] in the irreducible Brillouin zone. Migration pathway calculations used a 96 plus 1 atom cell, a vacuum spacing of 6 Å, and a 2 3 2 3 1 k-point mesh. The nudged elastic band (NEB) method [22] , implemented to run in parallel on a cluster of computers, was used to find the minimum energy paths (MEPs) for the transitions. About 20 metastable structures were found and 20 MEPs between them were calculated.
We first address the population of Ge in various sites of the Si surface. Letting n denote the probability of occupation of a site by a Ge atom, the free energy is [23] F n͑E 2 m͒ 2 k B T ͓n ln͑n͒ 1 ͑1 2 n͒ ln͑1 2 n͔͒ ,
where E is the energy cost of substituting a Ge atom for a Si atom at the site, m the chemical potential of Ge, T the absolute temperature, and k B the Boltzmann constant. Minimizing this free energy with respect to n leads to n ͑E, T , m͒ e
the Fermi-Dirac distribution. We adjust m so the total amount of Ge in the model is equal to the amount deposited during the experiment. One should include effects of vibrational and configurational entropy when calculating the fractional occupation of Ge. We find that their inclusion (as done in detailed Monte Carlo simulations [17] ) changes the occupation numbers by less than 15%, and is thus neglected here. We applied this model using substitutional energy E found with DFT. Table I gives the calculated energies and resultant occupation numbers for the various sites after deposition of 0.8 ML at 500 and 700 ± C and 1.6 ML at 700 ± C. These calculations show that, even for 0.8 ML deposition at 500 ± C, an appreciable amount of Ge is predicted thermodynamically to be found in the third and fourth layers. The amount increases with temperature and deposition amount. For 1.6 ML of deposition at 700 ± C, almost one third of both the 3b and 4b sites are predicted to contain Ge. The subsurface sites underneath the trough are predicted to have the largest occupations, in agreement with earlier calculations using an empirical potential [24] . However, unlike that study, we find the occupation of layer 2 to be nearly the same as these tensile sites, which agrees with the experimental results. The tensile strain on these sites due to the surface reconstruction is more accommodating for the larger Ge atom. We have simulated the AED spectra based on these occupation numbers and find that the results are in good qualitative agreement with the experiment, as shown in Fig. 2 . The stronger layer 4 signals in the experiment than in the calculated pattern could arise either from additional layer 4 occupation or from approximations in the AED simulations (single scattering; all Si atoms).
Experiments have shown that Ge diffuses in bulk Si by both substitutional-interstitial exchange and a vacancy mechanism, with comparable contribution with each [25] . We focus here on the former mechanism. The exchange process where a Si interstitial displaces a Ge atom from a lattice site in the bulk, Si I 1 Ge L ! Si L 1 Ge I , has a small activation barrier. Our DFT calculations give a barrier of 0.3 eV and the exchange is downhill by ϳ0.1 eV. This process, in which Ge diffusion is assisted by a Si interstitial, is of lower energy than Ge directly diffusing through the crystal. The dominant part of the activation energy for Ge diffusion is the formation energy of the Si interstitial. This has been estimated to be 3.3 eV using LDA [26] and our PW91 calculations give 3.7 eV. This gives a total activation energy for bulk Ge diffusion of 4.0 eV within DFT. The central question is the following: What is the formation energy of Si interstitials near the surface? Since Ge displaces surface Si upon deposition [6] , both Si and Ge adatoms are present during growth; we calculate the interstitial energy with respect to the Si adatom. We find the formation energy of Si self-interstitials in the surface region to be significantly lower than in the bulk. Figure 3 shows the formation energy of interstitials as well TABLE I. Energy cost of substituting a Ge atom for Si in various sites near the Si surface relative to 1a and calculated fractional occupations. The site labels are explained in Fig. 1 . Results of LDA and PW91 DFT calculations as well as an empirical interaction potential [29] are given. The fractional occupations are based on the PW91 values and Eq. (2), and correspond to experimental conditions of 0.8 ML Ge coverage at substrate temperatures of 500 and 700 ± C and 1.6 ML at 700 ± C.
Energy
Fractional occupation (eV) 0. as a possible pathway for a Si adatom to reach the fifth layer. Even in the fifth layer, the nature of the interstitial is different than in bulk. The optimal configuration is a tetrahedral interstitial [ Fig. 3(iv) ] rather than a dumbbell [ Fig. 3(iii) ] [27] . The low energy of interstitials near the Si(100) surface is consistent with calculations of Tersoff for C diffusion in Si using his empirical interaction potential [28] . The migration path (Fig. 3) involves the hop of an adatom (i) on top of a dimer row, and then displacement of the adatom down between two surface dimers to a dumbbell interstitial geometry perpendicular to the surface dimers (ii) where it shares a third layer site with a lattice atom. One of these atoms pushes an atom out of the fourth layer, forming a dumbbell parallel to the surface dimers with an energy of 1.8 eV relative to the adatom (iii). One of these atoms can jump further down into the fifth layer, forming a tetrahedrally coordinated interstitial (iv). This configuration is about 2.2 eV above the adatom in energy. The barrier for formation of the interstitial in the fourth layer (iii) is 2.2 eV with respect to the Si adatom. The overall barrier for Ge diffusion down to the fourth layer is estimated to be 1.8 eV 1 0.3 eV 2.1 eV (after adding 0.3 eV for the Si͞Ge exchange) [29] , on the order of the upper bound set by the experimental conditions [11] .
Finally, we have seen a significant effect in these calculations of the charge state of the system. The stability of the fifth layer interstitial compared to the adatom goes from 2.6 eV at a charge of 22 to 1.6 eV at 12. The insertion of boron with the accompanying loss of an electron has a similar effect, stabilizing the interstitial by 0.5 eV compared to pure Si. This suggests that the Ge͞Si interface may be sharper for n-type than for p-type substrates.
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